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We present experimental and numerical studies of a light-emitting 
transistor comprising two quasi-lateral junctions between a two- 
dimensional electron and hole gas. These lithographically de- 
fined junctions are fabricated by etching of a modulation doped 
GaAs/AlGaAs heterostructure. In this device electrons and holes 
can be directed to the same area by drain and gate voltages, defin- 
ing a recombination zone tunable in size and position. It could 
therefore provide an architecture for probing low-dimensional de- 
vices by analysing the emitted light of the recombination zone. 

1 Introduction 

Electroluminescence (EL) generated in p-n junctions is primarily used for 
illumination purposes, such as in lamps, displays or optical fiber communi- 
cation systems. More recently, the photon statistics and polarization proper- 
ties have been studied. For instance, sensitive measurements of the emitted 
light showed that the noise properties can be exploited^. In nanoscale p-n 
junctions, light sources have been realized which emit single photons when 
triggered by an electrical gate|2j. In recent years p-n junctions have also been 
developed into effective probing tools, such as spin sensitive light-emitting 
diodes to detect electrical spin injection from magnetic into non-magnetic 
semiconductors E] and to observe spin-transport phenomena in low di- 
mensions [SlinilZj- In acoustoelectric nanocircuits p-n junctions may be used 
to read out position jH] and spin of single electrons for devices in quan- 
tum information processing. A suitable lateral p-n junction for the latter 
application was demonstrated by Hosey et al. 10J. 

In most of these devices a lateral low- dimensional geometry of the p-n 
junction would significantly enhance their performance ^T] or is an essential 
requirement. The properties of these junctions include very small capaci- 
tances and the possibility to manipulate the two-dimensional electron flow 
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by gates jSJ- Optoelectronic devices based on lateral junctions have been 
demonstrated (for example in [T2*l However, in a lateral geometry the 

recombination zone is not bound and its size depends on the bias which de- 
creases the recombination efficiency and causes problems when applied as a 
detection tool. One possible approach might be the incorporation of a gate 
contact to confine electrons injected into the p-type region which has been 
studied numerically by Ryzhii et al. ^3]. One difficulty arises from the op- 
posite ways in which electrons and holes respond to a gate close to a p-n 
junction. In addition, leakage might be present as a biased Schottky contact 
will always be conductive for one of the two carrier types. 

Here we present a lateral EL device with control over the recombina- 
tion zone, comprising two quasi-lateral junctions between a two-dimensional 
electron and hole gas (2DEG and 2DHG). These lithographically defined 
junctions are fabricated by etching of a modulation doped GaAs/AlGaAs 
heterostructure introduced in j!5j . and combined into a transistor structure. 
Using the four terminals of this device the size and position of the recombi- 
nation zone can be adjusted. 

2 Device design 

The wafer was grown on a (100) semi-insulating GaAs substrate and is shown 
schematically in Figure Ufa). It consist of a Si-5-doped Alo.3Gao.7As layer 
(sheet doping density N s = 5 x 10 12 cm -2 , spaced 5nm from the upper inter- 
face) of 300 nm thickness was grown onto a semi-insulating GaAs substrate 
and subsequently covered with an undoped GaAs layer (90 nm), an undoped 
Alo.5Gao.5As spacer layer (3 nm) and a layer of Be-doped Alo.5Gao.5As (50 nm, 
N a = 8 X 10 18 cm -3 ). On top, a Be-doped GaAs capping layer was added. 
The layer structure was designed to accommodate two parallel conducting 
layers within the 90 nm thick i-GaAs region: a hole gas at the upper interface 
and an electron gas at the lower interface. In the as-grown state, the electron 
gas is fully depleted such that the hole gas forms the only conducting layer, 
as shown by the red dotted line in Figure da). The structure is then pat- 
terned into a cross shaped mesa by etching below the Si-5-doped Alo.3Gao.7As 
layer (centre of Figure Ufa)). In the third stage, the upper, p-type material 
is removed for two arms of the cross-shaped mesa (right part of Figure ^a)). 
This lowers the electrostatic potential of the z-GaAs channel such that the 
previously depleted electron gas forms at the lower interface, indicated by 
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Figure 1: Schematic diagram of the device, showing its composition and 
geometry in (a). The fabricated device is shown in (b), the hole containing 
channel is highlighted in yellow and is about 10 /im wide. The distribution 
of infrared light emission for different relative gate voltages Vci and Vq2 as 
recorded by a CCD camera is shown as a white area. The temperature was 
kept at 10 K. In (c) the simulated band diagram as a function of z is shown. 
Electron and hole densities are given by the blue and red curve, respectively. 
The blue and red arrow indicate the location on the device to which the band 
structure calculation belongs. 

the blue dotted line in Figure Ufa). Thus, a junction between the electron 
and hole gas can be produced at the two step-edges. 

The structure is designed to be used at a temperature 1 between 5 - 10 K 
and Figure d c ) shows the band diagram calculated along the z-axis at this 
temperature. The corresponding locations for the two distinct band diagrams 
in the actual device are indicated by the red and blue arrows in Figure da). 

The measured device is shown in Figure d^) and fabrication details can 
be found in ^7j. The hole containing channel is highlighted yellow and the 

lr The chosen temperature was determined by the application. A similar design is pos- 
sible at room temperature, if required. 
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corresponding contacts are indicated by the yellow circles. The structure 
can be operated in two different ways. If no voltages are applied, i.e. Vgi = 
Vg2 = Vd = Vs = 0, the structure is in equilibrium such that the 2DHG- 
channel is continuous while the 2DEG channel contains a gap of about 10 /j,m. 
Applying a positive gate voltage Vgi or Vgi to the 2DHG, while keeping 
V D — Vs — 0, populates electrons at the lower interface of the z-GaAs region, 
and therefore generates a channel between the two 2DEG regions. This 
operation is reminiscent of an n-channel field effect transistor (FET). For 
narrow 2DHG channel, applying a positive drain or source voltage Vd or 
Vs will deplete the 2DHG bordering the 2DEG. Here the same structure 
functions as a p-channel FET. This double nature of the structure can be used 
to gate both, electrons and holes, which is required to tune the recombination 
zone. 

3 Electroluminescence 

First we discuss the electrical conditions under which the device emits light. 
When applying a positive voltage Vq = Vgi = Vg2 with respect to Vs = 0, 
whereas Vd is left floating, the device can be considered as a simple diode. 
To observe light emission the sample was mounted in a continuous flow op- 
tical cryostat. The temperature was kept at T = 10 K. The current-voltage 
characteristic is shown in Figure 121 As soon as a finite current Iq through 
the gate was measured the required voltage Vq had to be raised above 0.7 
V, which is below the band gap energy of GaAs of about 1.4 eV. As long as 
the current was kept smaller than 250 //A no light could be detected. The 
resulting current is believed to be caused by electrons flowing directly to the 
contact of Vgi an d Vq2- This is possible because Vq\ = Vgi > induces elec- 
trons at the lower interface of the z-GaAs region all the way to the contact 
of Vgi and Vg2, which was confirmed by Hall measurements. Owing to the 
large built-in field in ^-direction and a high impurity concentration under- 
neath the p-ohmic contact, electrons may tunnel via impurity states towards 
the upper interface of the i-GaAs channel, where they recombine with holes. 

As the current is increased further the resistances of the channel and 
tunneling processes will cause the radiative recombination across the 1.4 eV 
bandgap to be more favorable. This switching between transport channels 
results in a negative differential two-terminal resistance, as shown in Figure 
121 At this point light emission starts suddenly, but its spectrum depends 
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Figure 2: Required gate voltage (black) and EL intensity (red) as function 
of forward bias gate current Iq- Junction at drain is floating. Inset shows 
EL spectrum for two different gate currents Iq- 

strongly on Vq as shown in the inset of Figure 121 

An important feature of this onset of light emission is that the recombi- 
nation takes place in a single spot and is shifted towards the step-edge, as 
shown by the bright region in Figure \Bb) . Since the channel in x-direction 
is much longer than the x-dimension of the recombination zone one might 
expect two light spots on either side of the channel with their relative inten- 
sities determined by the relative voltages Vqi and Vq2- The shift towards the 
step-edge may be understood by assuming that electrons continue to flow 
directly to the contact of Vqi and Vq2, even when light emission has started 
and Iq > 250 /iA. This coexistence of a radiative and non-radiative channel 
causes a voltage drop which will only allow electrons near the step-edge to 
recombine radiatively across the bandgap. A simulation of the electrostatic 
potential distribution in the presence of two channels will be discussed in 
Section EJ 
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Figure 3: EL intensity integrated over x along the y direction for different 
values of the drain voltage Vd- As Vd is increased the radiative recombination 
concentrates on the left hand side of the junction. The temperature was kept 
at around 10 K. 

4 Tuning the recombination zone 

By lowering the temperature the confinement of the recombination zone can 
be further enhanced which is required for probing applications [TH]. How- 
ever, the confinement in the ?/-direction may also be controlled electrically by 
applying a voltage, Vd, to the drain contact. For a drain voltage Vd larger 
than Vqi and Vq2 both electrons and holes are repelled from the drain side 
as the junction between the 2DHG and the 2DEG is reverse biased. The 
junction on the source side, however, is forward biased as long as the source 
voltage Vs — and Vqi and Vq2 are positive. As a result the size of the 
recombination zone can be tuned by Vd as shown in Figure El The light 
intensity along the y-direction integrated over x is plotted for different drain 
voltages Vd = 0, — , 2 V. 

For the measurements in Figure HU the two gate contacts were connected 
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Figure 4: Drain current, Id, as a function of drain voltage, Vjj, for different 
gate voltages, V G = V G1 = V G2 . 

together and the gate current was kept constant at I G = 260 fiK. At zero drain 
voltage the drain current, Id, is initially negative and the channel operates 
as a light-emitting diode at both the source and drain side. However, as 
the drain voltage, Vd, is increased to positive values, the drain current, Id, 
changes sign and eventually saturates. This situation will occur when the 
depletion region on the drain side expands along the ^-direction across the 
whole z-GaAs channel. This behavior is characteristic for an FET device and 
is shown in more detail in Figure EJ Therefore, when Vd is used to confine 
the recombination region the current Id into the drain contact will saturate 
at a constant value while the recombination zone is squeezed near the source 
side. 

5 Device simulation 

The following numerical analysis is intended to illustrate the principle of 
electrostatic confinement of both carrier types into the same region. The 
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simulation calculates the concentration of electrons in the conduction band, 
n r , and holes in the valence band, function of y and z using Poisson's 

equation A(f) = p ^ y ' z ^ . In this way the electrostatic potential, 0, relates to 
the total space charge density, p, where e is the local permittivity The 
local space charge density is the sum of contributions from all mobile and 
fixed charges, including electrons, holes and ionized impurities with impurity 
concentration due to donors Np and acceptors N^, as well as charge due to 
traps and defects Qt- Thus 



where e is the electron charge. 

The drift-diffusion model is assumed to model the non-equilibrium sit- 
uation where the existence of both an electric field E = V0 and a carrier 
density gradient Vn c and Wp v lead to finite electron and hole currents J e 
and J/j. The carrier current density can be written as: 



where p n and p p are the electron and hole mobilities. The currents J e and Jh 
together with several recombination processes described by ( and f^|f) 
determine the change in the carrier densities via the continuity equation: 



Possible recombination processes include photon transitions, phonon transi- 
tions and surface recombination. 

These equations are solved numerically using the device simulator AT- 
LAS from Silvaco on a two-dimensional grid. The problem is transfered into 
two dimensions by considering a by 0.5/xm large cross-section perpen- 

dicular to the x-axis. Three ohmic contacts are placed on top of the surface 
exposed to vacuum as shown in Figure El Along the outer edges of devices, 
homogeneous (reflecting) Neumann boundary conditions are imposed so that 
current only flows out of the device through the contacts. In the absence of 



p = e(n c -p v -N+ + NX) + Q T , 



J e 
Jh 



-p n n c E - D n Wn, 
H P p v E - D p Vp v , 
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surface charge along such edges, the normal electric field component becomes 
zero. However, surface charges are assumed on the surfaces exposed to vac- 
uum to pin the Fermi-level at midgap. In this way realistic values of the 
electrostatic potential distribution, (f)(y, z), may be obtained as confirmed by 
secondary electron microscopy in Ref. [T§] . 

The gray area in Figure shows the electrostatic potential distribution, 
(f>(y, z), over the cross-section of the device. The colored insets show the elec- 
tron (lower image) and hole (upper image) concentration of the region inside 
the marked dashed box. The potential drop at the right step-edge inside the 
i-GaAs region is much larger than across the left step-edge. Consequently, 
electrons and holes are repelled from the right step-edge, as shown in the 
colored insets of Figure 03 However, holes cannot be transported much be- 
yond the left step-edge because of the potential barrier formed by the fixed 
space charges above and below the i-GaAs region. In this way the recombi- 
nation region is located close to the left step-edge. The numerically obtained 
recombination zone has been marked using colored lines. As observed exper- 
imentally in the previous section its size is small compared to its distance to 
the contact. 

6 Conclusion 

We have presented a four-terminal light-emitting transistor implemented in 
a GaAs/AlGaAs heterostructure. It was shown both experimentally and 
numerically that in this device electrons and holes can be directed to the 
same area by drain and gate voltages, defining a recombination zone tunable 
in size and position. Based on this architecture devices may be designed 
suitable for optically probing low- dimensional transport as well as for the 
generation of non-classical light. The existence of two gate contacts may 
be used to add an additional functionality compared to traditional three 
terminal transistors in that the gate may carry a current itself. In addition 
it is possible to fabricate self aligned gates next to an EL probing device. 

Many applications of this structure require low temperature such that 
the presented material system was designed for temperatures between 5-10K. 
However, the wafer composition can be adjusted to obtain similar character- 
istics at room temperature. Finally, the structure design is general enough 
to transfer it to other direct bandgap material systems, such as GaN or InSb. 
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Figure 5: Result of two-dimensional device simulation using device simulator 
ATLAS. The distribution of the electrostatic potential </> is shown in gray 
scale. The calculated radiative recombination region near the left step edge 
is shown by colored lines. The colored insets show the electron (lower inset) 
and hole (upper inset) density across the area enclosed by the dashed box in 
the z-GaAs channel. 
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